Abstract
(baseline) and 2 h and 4 h afterward as described previously (35) . Venous blood samples (3 ml) 183
were collected in K 3 -EDTA-containing Vacutainer tubes (BD; Franklin Lakes, NJ). PBMCs 184 were isolated by Histopaque 1077 density gradient centrifugation (35). PBMC smears on 185 microscopic slides were air-dried, fixed in 3.7% paraformaldehyde, and permeabilized with 0.1% 186 Triton X-100. BCECs were detected by the expression of blood-brain barrier-specific 187 endothelial antigen glucose transporter type 1 (GLUT1), using polyclonal antibodies from 188
Chemicon Millipore (Temecula, CA). PBMC nuclei were visualized by counterstaining with the 189 fluorescent dye 4,6-diamidino-2-phenylindole (DAPI). The slides were viewed by an Olympus 190 BX-50 fluorescence microscope and processed using cellSens software (Olympus Life Science) 191
and Adobe Photoshop. The numbers of GLUT1-positive cells were normalized to the total
Electroencephalography (EEG).
We have compared cortical EEG recording in 194 normothermic and head-cooled newborn pigs during the baseline and the ictal phase (N = 6 in 195 each group). Two stainless steel screw electrodes were placed 2. epochs. Frequency bands were examined by summing values of a specific frequency and its 210 surrounding 1-Hz range, e.g. 1 ± 0.5 Hz, and were combined into the cognitive bandwidths 211 from delta to beta. For spike detection, EEG signals were parsed into 10 data point (0.04 s) 212 windows where the algorithm calculated mean, standard deviation, maximum and minimum 213 amplitudes. To detect seizure spikes, the standard deviation of the current 10 data point set was 214 calculated and compared to a threshold value derived from the standard deviation of thecount was incremented for the respective 5-min time block. As seizure spikes were often more 217 than one window in length, it was necessary to retain maximums and minimums across 218 multiple window segments in order to determine extrema for each seizure spike. After the 219 initial instance of seizure spike, the signal was parsed window by window until the algorithm 220 encountered a segment with a subthreshold standard deviation. At the end of each 5-min time 221 block, spike count values were divided by the amount of elapsed time and recorded as average 222 number of spikes per second. 223
Intravital microscopy of the cerebral vasculature. Closed cranial window technique that 224 allows observation of pial arterioles was used for testing cerebral vascular function during the 225 delayed postictal period (48 h) (9, 31, 34, 35). Control and postictal piglets were anesthetized 226 with ketamine/xylazine (33/2 mg/kg, i.m.) and maintained with α-chloralose (50 mg/kg, i.v.). 227
Core body temperature was kept at 37-38°C using a servo-controlled heating pad. A 228 tracheostomy was performed with the placement of an uncuffed infant endotracheal tube. 229
Piglets were ventilated with room air using a time-cycle pressure-limited infant mechanical 230 ventilator. Femoral arterial and venous catheters were inserted for continuous monitoring of 231 vital signs, blood sampling for analysis of gases, and for fluid administration. Closed cranial 232 windows were placed at a left parietal cortex area via the craniotomy surgical procedure as we 233 have described before (9, 31, 35, 38). A closed space beneath the cranial window was filled 234 with artificial cerebrospinal fluid bubbled with 6% CO 2 , 6% O 2 , and 88% N 2 to achieve a 235 physiological pH of 7.3-7.35. During the experimentations, all vital signs were constantly 236 monitored. Mean arterial blood pressure was 50-80 mm Hg and heart rate remained in a rangeadjusted accordingly to maintain a normal physiological range for neonatal pigs (pH ≈ 7.4; 239 PaCO 2 ≈ 40 mmHg; PaO 2 ≈ 80 mmHg). 240
For intravital microscopy, several medium pial arterioles (50-100 μm) were selected for 241 observation in each piglet. Arteriolar diameter was measured using a digital videomicrometer 242 connected to a Wild Heerbrugg M3B Type-S intravital microscope. We tested cerebral vascular 243 responses to topical vasodilators applied to the brain surface under the cranial window. We 244 used: 1) the endothelium-dependent vasodilator bradykinin (10 ANOVA followed by Fisher's protected least significant difference test to isolate differences 252 between groups. A level of P < 0.05 was considered significant in all statistical tests. 253
254

RESULTS
256
Effects of head cooling on body temperature, cerebral arterioles, and systemic parameters. 257
To detect the dynamics of brain and core temperatures during selective head cooling, the 258 experiments were conducted without cranial window placement (N = 5). Piglets were kept on a 259 servo-controlled heating pad throughout the experiment. During a 30-min baseline period, 260 brain temperature was significantly lower than rectal temperature (33.0 ± 0.5˚C and 37.3 ±0.2˚C, respectively, P < 0.05), whereas no differences were detected between tympanic and 262 rectal temperatures (37.5 ± 0.4˚C and 37.3 ± 0.3˚C, respectively, P > 0.05). Selective head 263 cooling by ice packs initiated a rapid (10-20 min) reduction in brain, rectal, and ear 264 temperatures that reached steady state levels in 30-60 min (Fig. 1A) . The most dramatic 265 temperature reduction was observed in the brain (25.6 ± 0.3˚C) versus rectal temperature (33.5 266 ± 0.1˚C). Head cooling also reduced heart rate ( Fig. 1C) and mean arterial blood pressure (Fig.  267   1D ), which reached steady levels after 30-40 min of ice pack placement. In the experiments 268 involving cranial window placement (N = 6), selective head cooling reduced the brain and 269 rectal temperature to 25.2 ± 0.4 ˚C and 33.5 ± 0.2 ˚C, respectively, and had a moderate 270 vasoconstrictor effect on pial arterioles (Fig. 1B) . Arterial blood gases during a 2-h period of 271 head cooling remained at a physiological range of: pH, 7.40 ± 0.04; PaCO 2 , 38 ± 5; PaO 2 , 85 ± 272
273
Effects of head cooling during seizures on cerebral hyperemia and systemic vascular 274 parameters. Preventive head cooling was initiated 30 min before seizures to achieve mild 275 hypothermia (core temperature, 34-35°C; Fig. 2A ). This temperature range was chosen based on 276 guidelines for selective head cooling by the Olympic Cool-Cap System in neonatal clinical 277 practice for babies with hypoxic-ischemic brain injury (5, 16, 18, 42). 278
In both normothermic and head-cooled groups (N = 6 pigs in each group), seizures caused an 279 immediate vasodilation of pial arterioles (Fig. 2B) as indicative of cerebral hyperemia response 280 to neuronal activation. In both groups, maximal ictal vasodilation (70-80% over the baseline 281 diameter) was achieved in 5 min after bicuculline injection (Fig. 2B) . However, we observed 282 certain differences in the dynamics of the time-dependent cerebral hyperemia response in thepersisted for an over 100-min ictal period, whereas in the head-cooled group, the duration of the 285 maximal cerebral hyperemia response was largely reduced to 20-40 min (Fig. 2B) . During the 286 late ictal period (60-100 min), we observed no significant differences in cerebral vasodilation (22 287 ± 5 and 14 ± 4 % in normothermic and head-cooled groups, respectively, P > 0.05, Fig. 2B) . 288
Normothermic piglets responded to seizures by increasing heart rate from 100-120 bpm to 289 180-220 bpm for the duration of neuronal activation ( Fig. 2C) and by a transient (1-10 min) 290 elevation of mean arterial blood pressure (Fig. 2D ). In the head-cooled group, the tachycardia 291 and hypertensive responses to seizures were reduced in both amplitude and duration (< 40 min) 292 compared to those in the normothermic group (Fig. 2C, D) . 293
Effects of head cooling on bicuculline-evoked epileptiform activity. Preventive head cooling 294
was initiated 30 min before seizure onset to achieve the brain temperature of 25.2 ± 0.4 °C and 295 core temperature of 33.5± 0.2°C. We analyzed EEG amplitude, spike frequency, and PSD 296 distribution during a 30-min baseline period and a 2-h period after bicuculline administration in 297 control and head-cooled piglets (N = 6 pigs in each group). Preictal head cooling produced no 298 significant changes in the baseline EEG parameters, including amplitude (Fig. 3A, B) , spike 299 frequency ( Fig. 3C) , and PSD values in the 1-30 Hz range (P > 0.1). Bicuculline (3 mg/kg, 300 i.p.) evoked epileptiform neuronal discharges characterized by an elevation in EEG amplitude 301 (Fig. 3A , B) spike frequency (Fig. 3C) , and PSD in the delta (< 4 Hz), theta (7.5 Hz), alpha (8-13 302 Hz), and beta (>13 Hz) frequency bands (Fig. 4) sustained for a 2-h period in both normothermic 303 and head-cooled pigs. In the head-cooled group, the bicuculline-evoked EEG amplitude ( cooling was initiated during the advanced ictal period (therapeutic head cooling), we also 322 observed a significant reduction of BCECs (Fig. 7 ). These observations provide strong 323 evidence that head cooling, used in either preventive or therapeutic protocols, alleviates 324 cerebral vascular injury caused by seizures. 325
Effects of preventive and therapeutic ictal head cooling on postictal cerebral vasodilator 326
functions. The long-term effects of seizures on cerebral vasodilator functions were tested in 327 the normothermic and head-cooled groups during the delayed postictal period (48 h after 328 seizures). In the normothermic group (N = 6), postictal cerebral vascular responses to thevasodilators glutamate and hemin were reduced by 50-70% compared to the values in intact 331 control piglets (Fig. 8) . In contrast, no reduction of postictal vascular reactivity to all tested 332 vasodilators was observed in the two head-cooled groups (Fig. 8) . Prevention of long-term 333 impairment of endothelium-mediated vasodilator functions was observed when head cooling 334 was initiated either before seizures (preventive cooling protocol) or during the advanced ictal 335 period (therapeutic cooling protocol) (Fig. 8) . The postictal responses of pial arterioles to 336 endothelium-independent vasodilators isoproterenol and sodium nitroprusside were not 337 impaired in the normothermic group or in either of the head cooled groups (Fig. 8) . These data 338 confirm our previous observations that neonatal epileptic seizures do not produce sustained 339 cerebral vascular smooth muscle dysfunction (9, 31). Moreover, they demonstrate that ~2-h of 340 head cooling followed by a 3-h rewarming and a 48-h recovery periods has no harmful effects 341 on cerebral vascular smooth muscle. with HIE also have been described (15). Anticonvulsant and neuroprotective effects of 418 hypothermia have been reported in animal models of neonatal seizures (6, 44, 55). In pre-term 419 fetal sheep, head cooling suppressed early epileptiform events caused by severe hypoxia, 420 although the incidence of delayed seizures was not reduced (6). Therefore, current clinical and 421 experimental data do not provide a uniform answer as to whether mild therapeutic hypothermia 422 suppresses epileptiform activity. In contrast, severe hypothermia (10-20°C) achieved by direct 423 brain cooling or by total body cooling appear to reduce the intensity and duration of epileptic 424 discharges in adult and pediatric rat models of seizures (27, 29, 30 ). Cerebral hyperemia, a physiological response to match CBF to neuronal activation, closely 433 follows the timing, intensity, and dynamics of epileptic discharges in newborn pigs (24). In our 434 model of neonatal seizures, preventive head cooling did not reduce the cerebral hyperemia 435 response to seizures. This is consistent with its lack of effects on bicuculline-evoked neuronal 436 discharges. In both normothermic and head-cooled piglets, dilation of pial resistance arterioles 437 was sustained for the 2-h duration of the ictal period, suggesting that mild hypothermia induced 438 by head cooling did not reduce the cerebral hyperemia response to seizures.
Severe 439 tachycardia is a common feature of seizures, and heart rate-based monitoring has been used for 440 detection of seizures in newborn pigs and in patients (34, 48). However, in head-cooled ictal 441 piglets, we observed a reduction in the extent and duration of the tachycardic response during 442 the ictal state, despite sustained neuronal activation. This important observation on 443 disconnection between heart rate and continuous epileptiform activity suggests that the 444 tachycardic response may no longer be used as an indicator of ongoing seizures in head-cooled 445 subjects.
We present experimental evidence that 1.5-2.5 h head cooling, initiated either before or 448 The limitations of the study. 500
We acknowledge that our findings on cerebroprotective effects of head cooling cannot be 501 universally extrapolated to all models of vascular injury in the neonatal brain. Thus, selective 502 head and total body cooling in newborn pigs failed to prevent the acute loss of glutamatergic 503 vasodilation of cerebral arterioles caused by brain ischemia (36). The different findings can be 504 explained by substantial experimental differences between this and our studies, including 505 distinct models of cerebral vascular injury (ischemia versus seizures), relatively short duration 506 of hypothermia (30 min versus ~2 h in our studies), and acute post-ischemic (1 h) versus 507 delayed postictal (48 h, our studies) periods of testing cerebral vascular functions. 508
Our study has not addressed potential sex-related differences in the cerebral vascular 509 outcome of neonatal seizures. We used newborn pigs of both sexes to establish the major key 510 findings on cerebroprotective effects of selective head cooling. Overall, there are only few 511 studies that have specifically addressed seizure outcomes in newborns as a function of sex and 512 gender. Very limited data in human neonates indicate that gender-related differences are, at 513 best, minimal and that they appear to involve a slightly higher incidence of seizures in males 514 (12). Clinical studies do not provide a strong case for the contribution of sex-related variables 515 to the incidence and outcome of seizures. In clinical trials on therapeutic cooling in infantswith HIE, no gender relevance to incidence and neurological outcome of HIE has been revealed 517 
